presented. Engine stalVsurge data were analyzed using digital signal processing techniques. In addition, forced response testing (system identification studies) was done at various engine speeds. 
INTRODUCTION
Compressors in gas turbine engines are subject to aerodynamic instabilities known as rotating stall and surge if required to operate at or beyond certain massflow/pressure rise/rotor speed points. On the compressor map, these points form a line known as the stall/surge line. When rotating stall or surge occurs, gas turbine engine performance is seriously degraded or not possible. To prevent operation in these regions, the gas turbine cycle is normally designed to require compressor operation away from the surge line on an "op line". This provides an appropriate margin to assure continued engine operation in the event of unplanned system operation excursions due to, for example, inlet distortion.
However, this normally results in accepting less than optimal engine performance. The ability to actively suppress these aerodynamic instabilities would allow operation nearer this surge line, thereby improving gas turbine efficiencies.
Potential improvements in gas turbine engine efficiencies due to active compressor stability enhancement (active stall control) suggest that the development of this technology should be encouraged. Indeed, studies at AlliedSignal (Stratford) indicated a 4.0% reduction in design point specific fuel consumption for the T55 engine I with studies of advanced designs indicating potentially greater improvements. This promised performance improvement has promoted considerable interest in this technology area.
To further the development of this technology, the US Army Vehicle Propulsion Directorate and the NASA Lewis Research Center (LeRC) initiated an effort to demonstrate an "active stability control" device that would increase compression system stability across a broad range of operating speeds in an axi-centrifugal turboshaft engine. The program began with initial rig testing of surge events in an AlliedSignal T55-L-712 compressor rig (completed June of 1993). Preliminary analysis of data4 indicated that precursor waves could be identified in the compression system. A T55-L-712 turboshaft engine was instrumented and installed at LeRC. Surge testin_ began March 1995.
A proportional high speed valve '_ was designed and eight were installed with shroud jet injectors for forced response testing which started June 1995 and ended that October.
A preliminary analysis of forced response data has been accomplished using, in part, an approach suggested by Weigl 3 . The results of this analysis on a planar pulse sine sweep test dataset is presented below. In addition, a rotating stall/surge event is also analyzed and presented for comparison p_.
Data presented were acquired while the engine was operating at ground idle (near 60% of design speed).
To develop active stall control devices for turbomachinery applications at least one and possibly three important pieces of information must be extracted from the data. F'wst,the approach of rotating stall/surge must be detected with adequate warning time to respond. Second, if two dimensional actuation is desired to inhibit the development of rotating stall/surge, the spatial location in time of those aerodynamic features that promote the development of the dynamic event must be identified. Lastly, the transfer function for the control inputs must be determined. The spatial Fourier analysis is designed, in part, to provide that information. This paper primarily addresses the last of these technical issues. For this testing, a waterbrake system and calibrated bellmouth were acquired, on loan, from AlliedSignal. The waterbrake allowed engine operation over the entire power envelope. The bellmouth allowed engine airflow measurements to an accuracy within ___%. Eight jet ejectors and a combustor inblced system were designed and installed to allow a more realistic compressor stage matching during the approach to stall/surge. Eight jet ejectors were designed for installation in front of the first stage compressor rotor in existing instrumentation holes with a diameter of 0.95 cm. These pre-existing holes are approximately one chord length upstream of the first stage rotor and are nearly equally circumferentially spaced. Figure I is a photograph of one of these ejectors and its controlling valve. Each ejector head is immersed approximately lcm into the inlet and the total frontal area per ejector is about 1.21 sq. cm. (-1.5% of the total inlet area at the compressor front face). For this test, a high response pressure transducer (not visible) was mounted immediately downstream of the ejector opening.
Each ejector was designed to provide -0.61% of the design speed engine airflow, (total of -5%), given air supply conditions of 689 Hag and 20°C, and to provide a jet of air that spans less than 25% of the passage radially. The ejectors were mounted to provide airflow directly into the engine inlet.
A voicecoil actuated air valvewasdesigned in house andeight wereused tocontrol airinjection into theengine. Asis shown in figure1,these valves were mounted immediately over the jet ejector. The machined square block is approximately 7.5 cm on a side. These valves were designed to control the required airflow and operate proportionally at frequencies up to 450 Hz. Reference [2] provides detailed information concerning the design and development of these valves.
Compressor loading was controlled using a combustor inbleed system specifically designed for this program. Unheated high pressure air was injected immediately downstream of the diffuser exit through 30 openings in the outer combustor casing. The system could deliver over 15% of the engine design airflow.
][instrumentation.
Data Acouisition. and Data Reduction High response pressure transducers in front of the first stage rotor were collocated with the jet ejectors. High response pressure transducers in front of the second stage were located at nearly the same circumferential locations as those in front of the first stage. Transducers were numbered in order increasing in the direction of rotation. Circumferential increments were approximately 45°. Fifteen pound absolute/in 2 pressure transducers were used both at the inlet to stage 1 and the inlet of stage 2. Engine instrumentation included flush mounted hub (wafer) transducers at the exits of the first three stages. These confirmed that rotating stall began in the tip region.
High speed data were recorded digitally using either the LeRC central data acquisition system or, later, an in-facility data acquisition system. High speed channels were digitized at a rate of about 12750 samples/second/channel, providing a bandwidth of approximately 5 kHz. Critical high speed data were also backed up on analog tape (speed of 30 IPS minimum). All high speed data have been analog low pass filtered at approximately 5 kHz to eliminate aliasing. All data were then digitally low pass filtered at 800 Hz (about 3.5 rotor frequency) and resampled at 2.5 kHz using an inhouse program designed to maintain the signal frequency content. This limit was deemed high enough to allow all pertinent modal information to pass but low enough to eliminate unnecessary noise.
For all tests, steady data were acquired consisting of both research and operational parameters sampled at 1 sample/second/channel. These data included compressor stage pressures and temperatures and overall engine performance information.
SURGE TEST RESULTS
This section provides an analysis of a ground idle (near 60% of design speed) engine dynamic (surge) event. A spatial Fourier analysis (SFA) is included in these compm"sons. The SFA accomplished on all data used Syed's 6 implementation of Gander's 7 method. This spatial Fourier analysis technique was first implemented by the Massachusetts Institute of Technology and is based on the work of Moore and Greitzer, a well known approach postulates the existence of very mild momentum disturbances that travel circumferentially about the front face of the compression system. As the compressor approaches the surge line, the system approaches neutral stability and these disturbances grow. At the rotating stall/surge point, the disturbances initiate or develop into rotating stall/surge. Spatial and temporal variations (in this instance, pressure) sensed in the inlet of the compressor are decomposed into their Fourier components circumferentially in space about the compressor inlet. The number of Fourier components (spatial modes) that can be resolved is a function of the number of sensors and, this application, three rotating modes can be resolved (seven required sensors). The figures included in this section present analyzed data for approximately the last second prior to the recorded dynamic events. This time interval is a compromise. On one hand, it is short enough to allow a more detailed look at the development of the dynamic events. On the other, the interval is long enough to identify changes that can be used to signal the onset of stalF surge. While this paper cannot present a detailed explanation of the spatial Fourier analysis, a short explanation of the figures is included to help orient the reader.
Figures 2a and 3a display the time traces of the eight circumferentially mounted transducers. In these figures, the direction of rotor rotation is up. The x-axis is time measured in units of rotor revolutions and the yaxis is non-dimensional pressure, with the pressure traces offset vertically for clarity.
Figures 2b and 3b plot the location of the modal wave peak (unwrapped phase angle) versus time. As has been mentioned, thespatial Fourier analysis decomposes thespatial signal content ofthe eight circumferential U-ansducers into a summation of sine waves. The first spatial mode represents a single sine wave in one circuraference, mode 2 is 2 sine waves in a circumference, and mode 3 is 3 waves. This is done for each time step and the spatial location of the peak of the wave is plotted versus time. If a single frequency becomes dominant in any of the three modes, the rate of change in location becomes constant -the slope of the fine becomes straight. These are plotted with frequency on the abscissa and a non-dimensional magnitude difference on the ordinate. They represent a summation over time of all the traveling wave energies in the first three modes. Note that the results in figs. 2c,d,e & 3c,d,e have not been divided by the mode number. Therefore, a given frequency in a plot represents a sine wave with the number of cycles per circumference equal to its mode moving at a speed about the circumference that is the displayed frequency divided by the mode number. Remember, the analysis will provide the overall frequency of a sine wave moving about the face of the compressor. For the mode 2 results, there are two sine waves/circumference. Thus, the actual frequency of, for example, the double sine wave of the mode 2 results is only half of the frequency calculated. Finally, references in the text to a specific frequency shown in the spectral difference plots are only approximate.
The results shown in figs. 2c,d,e (in front of the stage I rotor) show strong traveling energy at a number of discrete frequencies. Mode I indicates traveling at 0.9 RF, 1.0 RF, and 1.32 RF. The strongest energy resides at 1.32 RF and this is reflected in the phase Finally, certain common frequencies exist in both sets of data. These are 0.9 RF & 1.32 RF in mode 1 and 1.8 RF in mode 2. To obtain a better understanding of the relationship between the data acquired at these two locations, a further analysis of this data can be done.
Transfer
Function and Coherence Weigl 3 of MIT has suggested a straightforward approach for assessing the relationship between the data acquired at the inlet of stages 1 and data acquired at the inlet of stage 2. This approach involves the calculation of the transfer function across stage 1 and the coherence between the calculated spatial Fourier coefficients. Note that these calculations are not, per se, averaged estimations of the ratios of the temporal Fourier transforms of the input pressure transducer signals but rather averaged estimations of the ratios of the temporal Fourier transforms of the spatial Fourier coefficient (i.e., the 8 point discrete spatial Fourier transform) for any specific mode. The following development of "transfer function" and "coherence" is more completely explained in reference [10], from which this section is condensed.
Note that, in contrast to the spectra in figs. For this development, the "Cross Power Spectrum" (CPS) is defined as:
The input autopower spectrum used in the denominator of eqns. 3 & 4 may be calculated by multiplying the complex conjugate of desired data by itself in Eq. 2. The "Transfer Function" is defined as:
The capital letter "S" is the discrete Fourier transform, 'T" indicates the frequency domain, the overbar denotes averaging, the subscripts x an y are input and output, and the "*" indicates the complex conjugate.
Equation (2) The ''Coherence Function", which varies fromzero (nocoherence) toone(entirely coherent), isalso derived using the CPS. Here, coherence is defined as:
This equation provides a measure, at a given frequency, of the proportion of the power in the output signal related to the power of the input signal.
Summarizing, the estimated transfer function magnitude shows the ratio of a systems total output power (including noise) divided by the systems measured input power, as a function of frequency. In the presence of noise, the coherence shows the fraction of output power due the measured input power at the same frequency.
Modal Wave Transfer Analysis
Rotating stall/surge events in the T55-L-712 engine are clearly complex events involving not only all stages of the compressor but, also, other components of the engine. Nevertheless, it is clear from analyses of surge events at ground idle that surge at this speed is preceded by a rotating stall event that is first observed in the tip region of compressor stage 1. Thus, the first stage in this system appears to be the critical stage in the development of dynamic events in this compressor. _he_fore, the estimated transfer function (Eqn. 3) and coherence (Eqn. 4) relationships were applied to the spatial Fourier coefficients calculated fi-om data acquired in front of the first stage rotor (input) and in front of the second stage rotor (output). The results provided information on the effects of the first compressor stage (the assumed linear system) on the change in the modal waves through the stage and, later, the influence of the jet ejectors on stage dynamic operation. We can now look in detail at the transport of modal waves across the first stage of the compressor.
Hgnres 4 show the estimated transfer functions for the first three spatial modes across stage 1. The solid line represents the "forward" traveling wave (in the direction of blade rotation) and the lighter dotted fine is the reverse traveling wave. These figures display the relative strengths of signal downstream of the first stage when compared to the upstream location. For example, the forward traveling mode 2 energy at about 0.9 RF is over 2.5 times stronger than the energy upstream of the stage.
To better understand figs. 4, it is helpful to plot the coherence between the two sets of data. This information is presented in figs. 5. Coherence may be looked upon as a measure of the strength of the relationship between the two signals at a given frequency. While it is difficult to establish a "minimum" acceptable coherence, let us specify that a coherence of 0.7 or higher indicates a valid coupling between upstream traveling waves anddownstream traveling waves.
If the 0.7coherence criterion isused, strong mode 1 coherences appear at 0.9 RF (forward and reverse traveling), 1.0 RF (forward traveling), 1.32 RF (forward traveling), and 1.8 RF (forward traveling). There is also a near 0.7 coherence at 1.32 RF for the reverse traveling waves. The transfer functions for 0.9 RF, 1.32 RF, and Figure 6a is the time trace of the transducers collocated with the jet ejectors in front of the first stage and fig. 7a shows the transducers in front of the second stage rotor. The transducers in front of the second stage rotor were located at essentially the same circumferential locations as those in front of the first stage. Therefore, each of these transducers was nearly downstream of a stage 1 Iransducerand it's collocated jet ejector.
Notice in fig. 6a that all of the jet ejectors did not operate equally well. Specifically, ejectors 1, 4, and 6 appeared to less effective at higher frequencies (over 100 Hz) and ejectors 2, 5, and 7 clearly did not have a uniform response over all frequencies. The controllers for these ejectors were of an analog rather than digital design, making consistent operation of the valves extremely difficult.
Also notice that there is no clearly obvious effect on the stage 2 transducers shown in fig. 7a .
Spatial Fourier Analysis
Initially, we will consider the higher modes that are excited as a result of the existence and operation of the valves during this planar pulse sweep. This will identify system differences and non-linear effects.
Figures 6b & To show remarkable results. In contrast with the results of the surge event shown in figs. 2b  and 3b, the first stage (fig. 6b) shows no phase angle tracking while the transducers in front of the second stage ( fig. TO) clearly show strong phase angle tracking for both modes 1 and 2. The tracking frequencies in front of the second stage rotor appear to be about 61% of the rotor speed.
During the forced response test, as previously mentioned, the jet ejectors were initially set to 25% of nominal full open and actuated at +12.5 % of their nominal rated massflow. It would appear that the presence of the jet ejector flows in front of the first stage rotor disrupt the development of simply overwhelm any modal waves at the compressor inlet. Attempts to surge at ground idle with the ejectors operating during these tests have indicated that the compressor operates stably at much lower massflow although this improvement has yet to be quarttiffed.
Power spectral differences are shown in figs. 6c,d,e  and 7c,d ,e. The long data acquisition time for this test (approximately 20 seconds) explains the extreme resolution of frequencies displayed in these figures. It is clear from figure l la that there is a strong transfer in the system between the commanded valve positions and the transducer location upstream of the compressor. These occur over large regions of the input frequency sweep. The coherences shown in fig. 12a also indicate this with very high coherences across most of the frequencies of interest. The drops in coherence at -0.8 RF, -1.3 RF, and -1.8 RF axe currently under study. These drops do imply that, at these frequencies, the planar pulses occurring are not driven by the valves but by other system dynamics.
The transfer of the planar pulse across the first stage is much less clear. Certainly, there exists a sfighfly higher coherence between 0.0 RF and 0.5 RF but this coherence is still very much lower than the desired 0. Clearly there exists a strong planar pulse transfer function with high coherence between the valve position command and the compressor inlet static pressure over most of the frequencies excited by the valves. However, the transfer across the first stage is very much weaker. Nonetheless, certain very low frequencies (in the probable range of surge cycles) show an indication of higher energy transfer and higher coherence.
Once again, certain frequencies appear in the planar pulse transfer function. These are 0.9 RF, 1.3 RF, and 1.7 RF.
CONCLUSIONS
1) It is clear that several wave frequencies dominate the data presented here. They are at about 0.9 RF, 1.3 RF, and 1.75 RF. They are transferred across stage 1 with little damping or with amplification. One or more of these frequencies exists in the planar pulse, modes 1, and mode 2 sets of data. They frequencies appear to be coupled to each other, across the stage and in the various modes.
2) The ejectors clearly affect the traveling wave (Modes 1 and 2) development in front of the first stage by damping the development. Above 250 Hz (roughly the last 30% of the valve sweep), the ejectors enhance the development of a traveling wave at about 60% RF in front of stage 1. It would appear that they can be an effective controlling mechanism for active stall control at ground idle.
3)Thepresence of theejectors enhances the transfer of energies across stage I at about 1.3 RF (mode I) and at about 1.7 RF (mode 2).
4) The ejectors enhance the phase angle tracking in front of the second stage rotor, probably by the disruption of weak traveling waves in front of stage 2.
5) There exist a strong system coherence between the valve command and stage 1 (compressor inlet) transducers over the valve actuation range with the exception of three frequencies bands centered around 0.75 RF, 1.3 RF, and 1.8 RF.
6) The transfer function and coherence results across the first stage are ambivalent but some indications exist that low frequency planar pulses are Wansfened across the first stage.
APPLICATION TO ACTIVE STALL CONTROL
The presented data indicate that the traveling wave energies at -0.9 RF, -1.32 RF, and -1.7 RF are the important wave energies at this engine speed. It is also likely that they are strongly coupled.
It is apparent that the jet injectors used in this experiment can be effective in this engine at ground idle as the disruption of traveling waves in front of the first stage clearly indicate.
The analysis technique presented here will aid in quantifying the effects of the ejectors at given frequencies. It shows the traveling wave frequencies of importance in the compressor first stage at ground idle. This planar pulse sweep shows that certain frequencies respond to the planar pulse inputs, specifically, 1.32 RF (mode I) and 1.7 RF (mode 2).
These data have also clearly highlighted the dominant frequencies in this compressor at ground idle. However, these results have not shown the effectiveness of the ejectors at exciting a particular traveling wave frequency. This information will be obtained from the analysis of the Mode 1 & 2 sine sweep data.
